Human herpesvirus 6 (HHV-6) has a tropism for T lymphocytes and monocytes/macrophages, suggesting that HHV-6 infection affects the immunosurveillance system. In the present study, we investigated the HHV-6-induced phenotypic and functional alterations of dendritic cells (DCs), which are professional antigenpresenting cells. HHV-6 infection of monocyte-derived immature DCs appeared to induce the up-regulation of CD80, CD83, CD86, and HLA class I and class II molecules, suggesting that HHV-6 infection induces the maturation of DCs. In addition, the antigen capture capacity of DCs was found to decrease following infection with HHV-6. In contrast to up-regulation of mature-DC-associated surface molecules on HHV-6-infected DCs, their capacity for presentation of alloantigens and exogenous virus antigens to T lymphocytes decreased significantly from that of uninfected DCs. In contrast, there appeared to be no reduction in the capacity for presentation of an HLA class II-binding peptide to the peptide-specific CD4 ؉ T lymphocytes. These data indicate that HHV-6 infection induces phenotypic alterations and impairs the antigen presentation capacity of DCs. The present data also suggest that the dysfunction of HHV-6-infected DCs is attributable mainly to impairment of the antigen capture and intracellular antigen-processing pathways.
Human herpesvirus 6 (HHV-6) was first isolated in 1986 from patients with lymphoproliferative disorders and AIDS (34) . Subsequent studies have revealed that HHV-6 is a causative agent of exanthem subitum in infants at primary infection (45) . Reactivation of HHV-6 occurs frequently in patients who are immune deficient, such as organ transplant recipients and those with AIDS (24) , and causes various disorders, including lymphadenitis, pneumonitis, hepatitis, meningoencephalitis, retinitis, infectious mononucleosis-like disease, hemophagocytic syndrome, and hypersensitivity syndrome (2, 6, 41, 42, 44) . HHV-6 isolates are divided into two subgroups, HHV-6A and HHV-6B, on the basis of their tropism for certain cell lines, their reactivities with monoclonal antibodies (MAbs) and HHV-6-specific T-lymphocyte clones, and their restriction enzyme cleavage patterns (11, 38, 50) .
HHV-6 was initially termed human B-lymphotropic virus because of its in vitro tropism for B lymphocytes (34) . However, it is now well known that HHV-6 exhibits tropism mainly for T lymphocytes and monocytes/macrophages and that various kinds of cells, including myeloid precursor cells, megakaryocytes, natural killer cells, fibroblasts, astrocytes, and hepatoma cells, are also susceptible to HHV-6 infection (1, 15, 18, 19, 22) . Various immunobiological alterations of T lymphocytes have been observed following infection with HHV-6. HHV-6A infection induces down-regulation of CD3, resulting in impairment of T-lymphocyte activation via CD3/T-cell-receptor complexes (10, 26) . Up-regulation of CD4, resulting in susceptibility to human immunodeficiency virus type 1 (HIV-1) infection, has been reported to occur in HHV-6A-infected CD4 Ϫ T lymphocytes and natural killer cells (23, 25, 27 ).
HHV-6 infection of T lymphocytes reduces both interleukin-2 (IL-2) synthesis and the proliferative response to anti-CD3
MAbs and phytohemagglutinin (17) . In addition, it has recently been reported that transcriptional down-regulation of CXCR4 is induced by HHV-6A and HHV-6B infections (14, 46) . Although these data suggest that HHV-6 infection causes immunodeficiency due to dysfunction of T lymphocytes, the immunobiological effect of HHV-6 infection on other immunocompetent cells has not been precisely examined. Dendritic cells (DCs) are considered to be the professional antigen-presenting cells (APCs) on the basis of the finding that they elicit strong proliferative responses of T lymphocytes to alloantigens and to recall antigens. Most importantly, DCs have the ability to activate the immune response by capturing antigens in peripheral tissues and migrating to secondary lymphoid organs, where they sensitize naive T lymphocytes to the antigens. This migration of DCs is concomitant with maturation, during which DCs lose their ability to capture and process the exogenous antigens. Mature DCs express a high level of major histocompatibility complex (MHC) class II and costimulatory molecules on their surfaces, thereby acquiring the ability to prime naive CD4 ϩ T lymphocytes. Several molecules, including CD40, tumor necrosis factor (TNF) receptor, and IL-1 receptor, have been shown to activate DCs and to trigger their transition from immature antigen-capturing cells to mature antigen-presenting DCs.
Numerous other factors have been shown to induce DC maturation, including lipopolysaccharide (LPS), bacterial DNA, double-stranded RNA, and various types of cytokines (5) . It has been reported recently that infection with some types of virus affects the maturation of DCs. For example, vaccinia virus inhibits DC maturation, resulting in a reduction in the capacity of DCs to stimulate T lymphocytes (7) . A similar phenomenon was also demonstrated for herpes simplex virus (HSV)-infected DCs (35) . Although some viruses impair the maturation process of DCs, other viruses have been shown to drive DC maturation. Measles virus infection of immature DCs induces DC maturation and interferes with their capacity to stimulate T lymphocytes through as yet unknown mechanisms (9, 12, 39) . It has also been reported that dengue virus infection of immature DCs leads to their maturation (16) . These previous data indicate that studies of the interactions between viruses and DCs are essential if we are to clarify the pathogenesis of viral infections and the mechanisms underlying virus-induced immunodeficiency. On the basis of this concept, we investigated the immunobiological effects of HHV-6 on DCs, since HHV-6 exhibits tropism for DCs (4), which play a crucial role in the immune response. The data obtained from the present series of experiments show that HHV-6 infection induces phenotypic alterations of immature DCs and impairs the capacity of HHV-6-infected DCs to present alloantigens and exogenous virus antigens. The mechanisms of functional alteration of HHV-6-infected DCs and its significance in the pathogenesis of HHV-6 infection have been addressed.
MATERIALS AND METHODS

Generation of DCs and HHV-6 infection.
The U1102 strain of HHV-6A and the Z29 strain of HHV-6B were grown in cord blood mononuclear cells that had been stimulated with phytohemagglutinin. HHV-6B was mainly used in the present study, since most of the biological characteristics of HHV-6A and HHV-6B are similar and HHV-6B is more prevalent in the general population than is HHV-6A. Immature DCs were generated from peripheral blood monocytes, as described previously (33) . Briefly, monocytes were isolated from peripheral blood mononuclear cells (PBMCs) of healthy individuals by a plastic adherence technique. The plastic-adherent cells were cultured further in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS), 500 U of recombinant human IL-4 (Genzyme, Boston, Mass.)/ml, and 800 U of recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF; Kirin Brewery, Tokyo, Japan)/ml. On day 3 or 4 of incubation, half of the medium was replaced by fresh culture medium supplemented with IL-4 and GM-CSF, and culture was continued. On day 7, the cells were harvested and used as monocytederived immature DCs. The purity of immature DCs, determined by morphology and flow cytometric analysis using DC-associated MAbs, was more than 90%, and the remaining cells were resting lymphocytes. Immature DCs were washed with RPMI 1640 medium and inoculated with HHV-6 at a multiplicity of infection of approximately 1 50% tissue culture infective dose. HHV-6-inoculated and mock-infected DCs were further cultured in RPMI 1640 medium supplemented with 10% FCS for various periods in a 5% CO 2 incubator at 37°C.
HHV-6 replication in DCs. Replication of HHV-6 in DCs was examined by immunofluorescence and detection of mRNA for the HHV-6 immediate-early and late (U83) genes by reverse transcriptase (RT) PCR, as described previously (49, 52) . Briefly, total RNAs were extracted from HHV-6-inoculated or mockinfected cells, and cDNA was synthesized by reverse transcription with Moloney murine leukemia virus RT. The cDNAs were amplified by PCR using the following primers: for the immediate-early gene, 5Ј-TTCTCCAGATGTGCCAGG GAAATCC-3Ј and 5Ј-CATCATTGTTATCGCTTTCACTCTC-3Ј; for the late gene, 5Ј-GTCGACCATGTTCATTTGGCTTTTTATTGTT-3Ј and 5Ј-ATGAA TTCTCATGATTCTTTGTCTAATTTC-3Ј. The expected lengths of the amplified cDNA sequences for the HHV-6B immediate-early gene and late gene were 553 and 345 bp, respectively. cDNA for the ␤-actin gene was also amplified, with primers 5Ј-TCCTGTGGCATCCACGAAACT-3Ј and 5Ј-GAAGCATTTGCGG TGGACGAT-3Ј, as a control for RT-PCR.
Flow cytometric analysis of cell surface molecule expression. Expression of cell surface molecules on DCs was examined by flow cytometric analysis using the following MAbs: anti-CD40 (PharMingen, San Diego, Calif.), anti-CD44 (PharMingen), anti-CD80 (Immunotech, Marseilles, France), anti-CD83 (Immunotech), anti-CD86 (Immunotech), anti-HLA class I (PharMingen), and anti-HLA-DR (PharMingen). To block nonspecific binding of MAbs, DCs were preincubated with human immunoglobulin (Bayer AG, Leverkusen, Germany) at a concentration of 1 mg/ml for 30 min before addition of the MAbs. After a wash, cells were analyzed with a FACScalibur system equipped with CellQuest software (both from Becton Dickinson Immunocytometry Systems, San Jose, Calif.).
Flow cytometric analysis of HHV-6 antigen expression in DCs.
Simultaneous detection of surface CD80 and intracellular HHV-6 antigen expression was performed as follows. HHV-6-infected and mock-infected immature DCs were incubated with a fluorescein isothiocyanate (FITC)-conjugated anti-CD80 MAb (Immunotech). To further detect intracellular HHV-6 antigen expression, cells were then fixed with 3.0% formaldehyde, permeabilized with 0.05% saponin, and incubated with a MAb against the HHV-6 101-kDa virion protein (Chemicon International Inc., Temecula, Calif.), followed by staining with phycoerythrinconjugated goat anti-mouse immunoglobulin G (Organon Teknika Corp., West Chester, Pa.). After being washed, the cells were analyzed with a FACSCalibur (Becton Dickinson) as described above.
Flow cytometric analysis of endocytosis. The capacity of the DCs for antigen capture was examined quantitatively by flow cytometric analysis of endocytosis, as described previously (36) . Briefly, HHV-6-infected and mock-infected DCs were suspended in RPMI 1640 medium supplemented with 10% FCS at 37°C or 4°C. Lucifer yellow carbohydrazide (CH) (Molecular Probes, Eugene, Oreg.) or lysine-fixable FITC-dextran (M r , 40,000) (Sigma, St. Louis, Mo.) was added at a final concentration of 1 mg/ml. Cells were incubated for 30 min, washed four times with cold phosphate-buffered saline containing 1% FCS and 0.01% NaN 3 , and analyzed by using a FACSCalibur. Staining of cells that had been incubated at 4°C was considered to be the control.
Presentation of alloantigens by DCs to T lymphocytes. The allostimulatory capacities of HHV-6-infected and mock-infected DCs were examined as follows. PBMCs were isolated from donors whose HLA types were not identical to those of the DC donors. PBMCs (10 5 ) and various numbers of DCs that had been treated with mitomycin C (MMC; Kyowa Hakko, Tokyo, Japan) were cocultured in flat-bottom microtiter wells containing 0.2 ml of RPMI 1640 medium supplemented with 10% human AB type serum. Cells were then incubated for 6 days. 
Presentation of exogenous virus antigens by DCs to T lymphocytes.
The exogenous antigen presentation capacity of DCs was examined by using a modification of a previously reported method (47) . Briefly, HSV type 1 and human cytomegalovirus (HCMV) antigens were prepared by UV light irradiation of the viruses. PBMCs were isolated from donors who were seropositive for HSV and HCMV. T lymphocytes were purified from PBMCs by passage through nylonwool columns, and DCs were generated from monocytes of the donors of the T lymphocytes, as described above. T lymphocytes (10 5 ) and various numbers of MMC-treated HHV-6-infected or mock-infected DCs in 0.2 ml of RPMI 1640 medium supplemented with 10% human AB type serum were seeded in flatbottom microtiter wells, to which 0.02 ml of virus antigen or control antigen was added at the optimal dilution. Cells were cultured for 6 days, and incorporation of [ 3 H]TdR was determined as described above. Presentation of peptides by DCs to peptide-specific T lymphocytes. The CD4 ϩ T-lymphocyte clones MY-1, specific for the chronic myelogenous leukemiaassociated fusion protein BCR-ABL, and HO-1, specific for the acute myelogenous leukemia-associated fusion protein DEK-CAN, were generated as described previously (28, 48) . MY-1 induces a BCR-ABL fusion peptide (ATG FKQSSKALQRPVAS)-specific and HLA-DRB1*0901-restricted proliferative response. HO-1 induces a DEK-CAN fusion peptide (TMKQICKKEIRRLH QY)-specific and HLA-DRB4*0103-restricted proliferative response. Proliferative response assays of MY-1 and HO-1 were performed by using a modification of a previously described method (28, 48) . Briefly, monocyte-derived DCs were generated from the donors of MY-1 and HO-1. CD4
ϩ T-lymphocyte clone cells (2 ϫ 10 4 ) and MMC-treated HHV-6-infected or mock-infected DCs (2 ϫ 10 4 ) in 0.2 ml of RPMI 1640 medium supplemented with 10% human AB type serum were seeded into flat-bottom microtiter wells, to which either BCR-ABL or DEK-CAN peptide was added at various concentrations. Cells were cultured for 3 days, and incorporation of [ 3 H]TdR was determined as described above.
RESULTS
Replication of HHV-6 in immature DCs. We first addressed the question of whether HHV-6 can replicate in DCs. HHV-6-inoculated DCs did not exhibit any apparent cytopathic effects within 6 days. However, some HHV-6-infected DCs tended to die after 8 days of culture. As shown in Fig. 1 , RT-PCR analysis clearly showed the presence of mRNAs for the HHV-6 immediate-early and late genes in immature DCs that had been inoculated with HHV-6B and cultured for 4 VOL. 76, 2002 HHV-6 INFECTION OF DENDRITIC CELLS 10339 days. Similarly, HHV-6 mRNAs were detected in HHV-6A-inoculated immature DCs (data not shown). In addition, as shown in Fig. 2 , the HHV-6 antigen was detected in most of the DCs that had been inoculated with HHV-6 and cultured for 4 days by two-color flow cytometry using anti-CD80 and anti-HHV-6 MAbs. Moreover, infectious HHV-6 was recovered from the culture supernatant of HHV-6-inoculated DCs (data not shown). These data confirm the previous report that both HHV-6A and HHV-6B can infect and replicate in immature DCs (4). Since most of the HHV-6-infected DCs were alive and HHV-6 antigen expression was maximal after 6 days of inoculation, DCs were harvested after 6 days of HHV-6 inoculation and used for the experiments described below. Flow cytometric analysis of surface molecule expression on mock-infected, HHV-6-infected, and TNF-␣-treated immature DCs. We next examined alterations of surface molecule expression on immature DCs following infection with HHV-6. As shown in Fig. 3 , up-regulation of CD80, CD83, CD86, HLA class I, and HLA class II molecules was detected in HHV-6B-infected immature DCs. Inoculation of immature DCs with UV-inactivated HHV-6 did not affect surface molecule expression, suggesting that replication of HHV-6 is necessary to induce up-regulation of these molecules. As described previously, up-regulation of these molecules was also detected in mature DCs that had been generated from immature DCs by treatment with TNF-␣ (37, 51). A slight up-regulation of CD40 and a marked down-regulation of CD44 were also detected in HHV-6B-infected DCs. Similar alterations of surface molecule expression were also detected in HHV-6A-infected immature DCs (data not shown).
Flow cytometric analysis of endocytosis by HHV-6-infected and mock-infected DCs. The ability of DCs to capture antigens is an important characteristic of immature DCs and is known to decline during DC maturation. Therefore, we used flow cytometry to address whether HHV-6 infection affects the antigen capture capacity of DCs. Figure 4 shows the endocytosis profiles of mature DCs and HHV-6-infected and mock-infected immature DCs. As described previously, immature DCs showed a strong capacity to induce endocytosis in comparison with mature DCs. However, the level of endocytosis mediated by HHV-6-infected immature DCs was lower than that mediated by mock-infected immature DCs. These data are compatible with those of the flow cytometric analysis of cell surface molecules, suggesting that HHV-6 infection induces DC maturation.
Reduced allostimulatory capacity of HHV-6-infected DCs.
The antigen presentation capacities of HHV-6-infected and mock-infected DCs were first examined by determining the stimulatory capacity of alloantigens. Allogeneic T lymphocytes, which were isolated from donors whose HLA class I and class II types were not identical with those of the DC donors, were cocultured with various numbers of DCs. As shown in Fig. 5 , the allostimulatory capacity of HHV-6-infected DCs was significantly decreased from that of mock-infected DCs. The same experiments were performed three times, and similar data were obtained (data not shown). These data indicate that the antigen presentation capacity of DCs, which is their most important function, is impaired by HHV-6 infection.
Reduced virus antigen-stimulatory capacity of HHV-6-infected DCs. We next examined the capacities of HHV-6-infected and mock-infected DCs for presentation of exogenous virus antigens. Exogenous virus antigens were at first captured, processed, and then presented in the context of MHC class II molecules to mainly antigen-specific CD4 ϩ T lymphocytes by APCs. Figure 6 shows the proliferative responses of autologous T lymphocytes to HSV type 1 and HCMV antigens in the presence of HHV-6-infected or mock-infected DCs. Because HHV-6-specific memory T lymphocytes are present in the peripheral blood of most healthy individuals (43) , peripheral blood lymphocytes responded to HHV-6-infected DCs even in the absence of exogenous virus antigens (Fig. 6A) . In the same manner as the response to alloantigens, the proliferative response of T lymphocytes to exogenous virus antigens was significantly lower when HHV-6-infected DCs were used as APCs than when T lymphocytes were stimulated with antigens in the presence of mock-infected DCs (Fig. 6B) . The same experiments were performed three times, and similar data were obtained (data not shown). These data indicate that the presentation pathway of exogenous antigens is also impaired by HHV-6 infection. These data also suggest that the reduced capacity for presenting exogenous antigens is a result of the impairment of antigen capture and/or processing in HHV-6-infected DCs. (lanes 1, 4, and 7) , HHV-6B-infected immature DCs (lanes 2, 5, and 8), and HHV-6B-infected cord blood mononuclear cells (lanes 3, 6, and 9) were amplified by using primers corresponding to the HHV-6 immediate-early and late genes and primers corresponding to the ␤-actin gene. Lane M, marker DNAs.
FIG. 2. Flow cytometric analysis of HHV-6 antigen expression in
DCs. Mock-infected and HHV-6B-inoculated immature DCs were cultured for 4 days. Expression of cell surface CD80 and intracellular HHV-6 antigen in mock-infected and HHV-6B-infected immature DCs was then examined by two-color flow cytometry. Cell surface CD80 expression, determined by measuring FITC fluorescence intensity, and intracellular HHV-6 antigen expression, determined by measuring phycoerythrin (PE) fluorescence intensity, were examined simultaneously as described in the text.
Stimulation of peptide-specific CD4
؉ T-lymphocyte clones by mock-infected and HHV-6-infected DCs. In order to examine whether the antigen-processing pathway in DCs is impaired by HHV-6 infection, we examined further the presentation capacity of a 17-mer and a 16-mer peptide, which can be presented to the peptide-specific CD4 ϩ T lymphocytes unnecessarily by being captured and processed by DCs. As reported previously, the BCR-ABL fusion peptide-specific CD4 ϩ Tlymphocyte clone MY-1 and the DEK-CAN fusion peptidespecific CD4 ϩ T-lymphocyte clone HO-1 proliferate in response to stimulation with a BCR-ABL peptide in the presence of HLA-DRB1*0901-positive APCs and with a DEK-CAN peptide in the presence of HLA-DRB4*0103-positive APCs, respectively (28, 48) . The proliferative responses of MY-1 and HO-1 to various concentrations of the synthetic peptide in the presence of mock-infected or HHV-6-infected autologous DCs are shown in Fig. 7 . In contrast to the proliferative responses of T lymphocytes to alloantigens and exogenous virus antigens, the degrees of proliferative response mediated by MY-1 and HO-1 to the synthetic peptide were almost the same or somewhat higher when HHV-6-infected DCs were used as APCs than when mock-infected DCs were used. Taken together, the data presented in Fig. 3, 4 , 5, 6, and 7 suggest strongly that functional alterations of DCs mediated by HHV-6 infection occur at the antigen capture and antigen-processing phases but not at the phase of peptide presentation in the context of HLA molecules. (3, 13, 40) . DCs may be susceptible to the cytopathic effects of viruses, as shown with measles virus and HIV (9, 12) . Viruses may induce or interfere with DC maturation (7, 8, 16, 35, 39) . Moreover, it has recently been reported that the apoptosis-inducing ligand CD95L (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) are up-regulated in HCMV-infected DCs, thereby enabling HCMV-infected DCs to delete activated T lymphocytes (29) . In the present study, we investigated the immunobiological effects of HHV-6 infection on DCs, focusing on their surface molecule expression and antigen-presenting function. The findings obtained from the present series of experiments are as follows. First, HHV-6 had a tropism for and could replicate in DCs. Second, HHV-6 infection induced up-regulation of CD80, CD83, CD86, and HLA class I and class II molecules in the same manner as the maturation of DCs. Third, the capacity of DCs for presenting alloantigens and exogenous virus antigens declined following infection with HHV-6. In contrast, the capacity of presenting peptides that can bind to HLA class II molecules unnecessarily captured and processed by DCs to CD4 ϩ T lymphocytes was not affected by HHV-6 infection. These findings indicate that HHV-6 induces up-regulation of mature-DC-associated surface molecules, but that their antigen presentation capacity is impaired.
The maturation of DCs is characterized phenotypically by acquisition of CD83 expression and up-regulation of CD40, CD80, and CD86, which are important costimulatory molecules. Expression levels of HLA class I and class II molecules are also known to be elevated during DC maturation. In the present study, we found that up-regulation of all of the molecules listed above was induced in immature DCs following infection with HHV-6, suggesting that HHV-6 infection of DCs results in their maturation. It has been reported that the maturation of DCs is induced by various stimulatory molecules, including LPS, TNF-␣, IL-1, IL-6, IL-10, transforming growth factor-␤, and prostaglandins (5). It is also well known that DC maturation is induced by various kinds of microorganisms. Both LPS-positive, gram-negative bacteria and LPSnegative, gram-positive bacteria, as well as some protozoa, are potent inducers of DC maturation (31) . Some of the stimulatory factors of these organisms may involve the DNA itself. Invertebrate DNA is not methylated, giving rise to motifs containing CpG dinucleotides that are not present in vertebrates. It has recently been reported that injection of CpG-containing oligonucleotides into mouse skin leads to the maturation of Langerhans cells (20) . In addition to bacteria and protozoa, virus infection has also been reported to induce DC maturation. Influenza virus can activate DCs and substitute for CD40 signaling, thus converting DCs into APCs capable of activating CD8 ϩ T lymphocytes directly (32) . Measles virus and dengue virus are also known to be potent inducers of DC maturation (16, 39) . Although the precise mechanisms of DC maturation promoted by virus infection have not been clarified, the production of cytokines affecting DC maturation, such as gamma interferon, may be involved in the mechanisms of virus-induced DC maturation. We have investigated the possibility that the phenotypic maturation of DCs may be promoted by the soluble factor(s) produced by HHV-6-infected immature DCs; that is, the culture supernatant of HHV-6-infected DCs, which was irradiated with UV light to inactivate any HHV-6 produced in the culture medium, was added repeatedly to immature DCs. Expression levels of surface molecules did not appear to be significantly changed as a consequence, suggesting that the soluble factor(s) produced by HHV-6-infected immature DCs is not the primary inducer of DC maturationassociated molecules. The difference in expression levels of some surface molecules, such as CD40 and CD44, between HHV-6-infected DCs and TNF-␣-induced mature DCs suggests that the underlying mechanisms responsible for phenotypic alterations may differ between HHV-6-infected and cytokine-treated DCs. This, taken together with the finding that inactivated HHV-6 exerted no effect on the DC phenotype, indicates that the replication of HHV-6 must be essential for phenotypic alterations of DCs, and an HHV-6 gene product(s) may act as a signal for switching of the DC phenotype from an immature to a mature form.
Another noteworthy finding of the present study was that despite the up-regulation of the maturation-associated phenotype on HHV-6-infected DCs, their antigen presentation capacity was decreased following infection with HHV-6. It has been reported that the phenotypic maturation and decreased allostimulatory capacity of immature DCs are also induced by measles virus infection via as yet undetermined mechanisms (39) . Processing of endogenous antigens occurs first in the cytosol through an ATP-dependent proteolytic system, which starts with ubiquitin conjugation. The ubiquitinylated proteins are directed to the proteasome, which cleaves the proteins into peptides. The cleaved peptides are then translocated into the endoplasmic reticulum via transporters associated with antigen processing and are accommodated within the MHC class Ibinding groove. On the other hand, exogenous antigens are captured by APCs via receptor-mediated endocytosis, phagocytosis, and macropinocytosis, and are processed and meet with MHC class II molecules in endosomes. Endosomal proteases cleave the invariant chain, and foreign peptide loading takes place. The MHC-class II-peptide complexes are then carried to the cell surface. Although the precise mechanisms of alloantigen presentation by APCs and allorecognition by T lymphocytes remain obscure, a recent study of the crystal structure of a T-cell-receptor molecule, which binds to an allogeneic MHC molecule, has revealed the similarity between alloantigen recognition and the recognition of foreign peptides bound to self-MHC molecules (30) .
In the present study, it was found that both the alloantigen and exogenous virus antigen presentation capacities of DCs decreased following infection with HHV-6. In contrast, peptides that can bind to HLA class II molecules by being unnecessarily processed were presented to the peptide-specific CD4
ϩ T lymphocytes as effectively or more effectively by HHV-6-infected DCs than by mock-infected DCs. These findings indicate that the processing pathways of both endogenous and exogenous antigens mentioned above are impaired in HHV-6-infected DCs and that the capacity of HHV-6-infected DCs to present the processed peptide in the context of HLA molecules is intact. The latter conclusion is supported by the evidence that HLA as well as costimulatory molecules remained expressed at high levels in HHV-6-infected DCs. The antigen capture capacity of DCs appeared to decrease following infection with HHV-6. This may be one of the causes of the HHV-6-infection-induced reduction in the capacity of DCs to present exogenous antigens.
In conclusion, we have demonstrated the phenotypic and functional alterations of monocyte-derived DCs induced by HHV-6 infection. Our present findings may shed new light on the pathogenesis of virus-induced immunodeficiency. Although the status of HHV-6 infection in DCs in vivo is unknown, HHV-6 is known to infect monocytes/macrophages latently (21) , suggesting that reactivation of HHV-6 may induce functional alteration of monocyte-derived DCs in vivo. Reactivation of HHV-6 occurs frequently in immunodeficient patients, such as recipients of bone marrow and organ transplants and those with AIDS. Functional alterations of DCs, which play crucial roles in resistance to virus infection, may exacerbate the immunodeficient status of immunocompromised hosts. Further studies focusing on the interaction between DCs and various viruses are essential to clarify the pathogenesis of virus-induced immunodeficiency and to develop novel ways of improving the immunodeficient status of patients with virus infections.
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